Type 1 diabetes (T1D) is a destructive islet β-cell specific autoimmune disease resulting from a yet undefined interaction between genetic and environmental factors ([@B1]). A dramatic increase in T1D incidence was recorded in most developed countries in the past 40 years (e.g., a threefold increase in Western countries) ([@B2],[@B3]). The steady and rapid increase in T1D incidence cannot be ascribed to genetic variations and, thus, it must be related to environmental changes. Environmental agents such as viral infections (i.e., enteroviruses and rotaviruses) ([@B4],[@B5]), reactions to dietary antigens (i.e., cow's milk and gluten) ([@B6]--[@B8]), and microbiota alterations ([@B9]) that act at the intestinal level have been observed in association with, or as risk factors for, the development of T1D. The observation that development of clinical diabetes in patients is preceded by intestinal alterations such as increased permeability, immune activation, and ultrastructural abnormalities of the epithelium ([@B10]--[@B16]) provides additional evidence on the crucial role of the gut environment in human T1D. Although existing evidence is suggestive of a causative link between the gut milieu and the pathogenesis of T1D, it is still unclear whether and by which mechanism(s) a dysfunction in the intestine promotes autoimmunity elsewhere (i.e., in the pancreatic β-cells) and if it does, how this process occurs.

Important immune regulatory mechanisms reside in the intestinal mucosa. FoxP3^+^ regulatory T (Treg) cells, a Treg cell subset that is instrumental to controlling T1D ([@B17]), arise centrally in the thymus and peripherally in the gut ([@B18]). Specifically, lamina propria CD103^+^CD11c^+^ dendritic cells (LPDCs) are responsible for extrathymic FoxP3^+^ Treg cell development and expansion ([@B18],[@B19]). Considering the key immune regulatory role of FoxP3^+^ Treg cells, it is clear that their defective peripheral differentiation in the gut could lead to failure of self-tolerance and autoimmune disease, particularly in tissues such as pancreatic islets and lymph nodes that are directly connected to the intestinal mucosa and gut-associated lymphoid tissue ([@B20]).

Here we demonstrate that the extrathymic differentiation of FoxP3^+^ Treg cells by gut-resident CD103^+^CD11c^+^ dendritic cells (DCs) is selectively impaired in humans affected by T1D. Our findings indicate that organ-specific autoimmune diseases such as T1D could be initiated and possibly maintained by virtue of changes in peripheral FoxP3^+^ Treg cell differentiation and/or expansion in the gut.

RESEARCH DESIGN AND METHODS {#s5}
===========================

Multiparametric fluorescent-activated cell sorter analysis. {#s6}
-----------------------------------------------------------

Studies were approved by the ethics committee of the San Raffaele Scientific Institute, Milan, Italy, and all participants signed an informed consent before any data collection or study procedure. Duodenal biopsies (two to three from each individual), obtained during an esophago-gastro-duodenal endoscopy, were collected in 10% RPMI and rapidly processed. Mucus and epithelial cells were removed from the tissue by incubation with 1 mmol/L dithiothreitol and 5 mmol/L EDTA in calcium- and magnesium-free Hanks' balanced salt solution (HBSS) for 15 min at 37°C. Tissue samples were washed with HBSS; digested with 1 mg/mL collagenase A (Roche Diagnostics Ltd., Indianapolis, IN) in HBSS supplemented with calcium, magnesium, and 5 units/mL DNase I (Roche Diagnostics Ltd.) for 1 h at 37°C; and mechanically disrupted by gentle pipetting until dissociation was complete. After incubation, intestinal cells released from the tissue samples were passed through a 70 μm cell strainer and washed with complete 10% RPMI 1640 medium. Peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll gradient and washed in HBSS. Intestinal cells and PBMCs were assessed for viability by trypan blue exclusion and stained with Pacific Blue--conjugated anti-human CD4, Alexa Fluor-488--conjugated anti-human FOXP3, PE-Cy7--conjugated anti-human CD25, and APC-conjugated anti-human CD127 (all from BD Biosciences, San Jose, CA). To stain for the FOXP3 intracellular marker, cells were first stained with the monoclonal antibodies against surface molecules, fixed and permeabilized (fix/perm solutions kit, BD Pharmingen, San Diego, CA), and then stained with anti-FOXP3 monoclonal antibody. Data were acquired using fluorescent-activated cell sorter (FACS)Canto System II (3 laser system, Becton Dickinson, Franklin Lakes, NJ) and analyzed by using the FACSDiva software (BD Biosciences). In parallel samples, intestinal cells were stained with PercP-Cy5--conjugated anti-human CD11c, Pacific Blue--conjugated anti-human CD4, APC-conjugated anti-human NKG2D, FITC-conjugated anti-human TCRδ1, and AmCyan-conjugated anti-human CD3 monoclonal antibodies to analyze various gut immune cell subsets. To measure expression of the CD103 marker on the various gut lymphocyte subsets, cells were simultaneously stained with Pacific Blue--conjugated anti-CD4, APC-Cy7--conjugated anti-CD8, AmCyan-conjugated anti-CD3, PE-Cy5--conjugated anti-CD11c, and PE-conjugated anti-CD103 (all from BD Biosciences).

Suppression assay. {#s7}
------------------

Intestinal cells were isolated from the mucosa of duodenal fragments surgically removed from individuals affected by gastric carcinoma. PBMCs were collected from healthy blood donors. CD4^+^CD25^+^ Treg cells were isolated by magnetic sorting (Human CD4^+^CD25^+^ Regulatory T Cell Selection Kit, Miltenyi Biotec, Bergisch Gladbach, Germany). CFSE-stained CD4^+^CD25^−^ T effector (Teff) cells (either from blood or intestinal cells) were cultured at 1:1 ratio with 10^5^ intestinal or blood purified CD4^+^CD25^+^FoxP3^+^CD127^−^ Treg cells and stimulated with coated anti-human CD3 (10 μg/mL) and soluble anti-CD28 (1 μg/mL; BD Biosciences) monoclonal antibodies in the presence of recombinant human interleukin (rhIL)-2 (50 units/mL; BD Biosciences) and irradiated PBMCs. Proliferation of Teff cells was measured by mean of CFSE dilution using FACS analysis over a culture period of 3 days.

Conversion assay. {#s8}
-----------------

LPDCs or blood monocyte--derived DCs (BMDCs) were obtained by culturing the adherent cell fraction (2 h adherence at 37°C 5% CO~2~) of total intestinal cells or PBMCs for 10 days in the presence of rhIL-4 (20 units/mL; Miltenyi Biotec) and recombinant human granulocyte-macrophage colony-stimulating factor (rhGM-CSF; 10 units/mL; Miltenyi Biotec). LPDCs were collected with 5 mmol/L EDTA/PBS, extensively washed with cold PBS, and stained with anti-PE-Cy5--conjugated anti-CD11c and PE-conjugated anti-CD103 monoclonal antibodies to assess their CD11c^+^CD103^+^ tolerogenic phenotype through FACS analysis. Next, 5 × 10^3^ CD11c^+^CD103^+^ LPDCs or CD11c^+^CD103^−^ BMDCs were cultured at 1:10 ratio (DC to T cells) with 5 × 10^4^ autologous naive CD4^+^CD25^−^ T cells isolated from PBMCs by magnetic selection (Human CD4^+^CD25^+^ Regulatory T Cell Selection Kit, Miltenyi Biotec). CD4^+^CD25^−^ T cells were stimulated with soluble anti-human CD3 monoclonal antibody (1 μg/mL) in the presence of rhIL-2 (400 units/mL; BD Biosciences) and recombinant human transforming growth factor-β (rhTGF-β; 5 ng/mL; R&D Systems, Minneapolis, MN). After 4 days, cells were collected and stained with monoclonal antibodies anti-CD4-Pacific Blue, anti-CD25-PE-Cy7, anti-CD127-APC, and anti-FOXP3-Alexa Fluor-488 (after fixation and permeabilization), and the percentage of CD4^+^CD25^+^FoxP3^+^CD127^−^ Treg cells obtained after stimulation with different DCs was measured by FACS analysis.

Statistical analysis. {#s9}
---------------------

Statistical differences were calculated with PRISM 4.0 software (GraphPad) using an unpaired, two-tailed *t* test. Differences between multiple groups were evaluated by ANOVA. Data were considered statistically significant when *P* values were \< 0.05.

RESULTS {#s10}
=======

To test whether the gut environment impinges on human T1D by altering intestinal immune regulation, we analyzed the immune cell compartment in the small-intestinal mucosa and for comparison, peripheral blood of T1D patients, healthy control (HC) subjects, and individuals affected by celiac disease (CD). We obtained duodenal biopsies and blood samples from 46 individuals, including 10 patients with T1D, 16 HC subjects, and 20 individuals with CD. Age, sex, and clinical information for each group are summarized in [Table 1](#T1){ref-type="table"}. Our multiparametric FACS analysis showed that the percentages of various immune cell subsets, including CD4^+^ T cells, CD8^+^ T cells, NK cells, and γδ T cells, in the lamina propria of the intestinal mucosa were similar among the three groups ([Fig. 1](#F1){ref-type="fig"}). Conversely, FACS analysis of CD4^+^CD25^+^FoxP3^+^CD127^−^ Treg cells ([Supplementary Fig. 1](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db10-1201/-/DC1)) revealed a significant reduction in the percentages of Treg cells out of total lymphocytes residing in the small-intestinal mucosa of T1D patients compared with HC subjects (*P* = 0.03) and individuals with CD (*P* = 0.003) ([Fig. 2*A*](#F2){ref-type="fig"}). The difference between T1D patients and control groups was evident also when CD4^+^CD25^+^FoxP3^+^CD127^−^ Treg cell percentages out of CD4^+^ T cells (rather than total lymphocytes), percentages of CD4^+^CD25^+^ Treg cells out of CD4^+^ T cells, and Treg/Teff cell ratio were considered ([Supplementary Figs. 2 and 3](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db10-1201/-/DC1)). The quantitative defect observed in T1D patients regarded exclusively FoxP3^+^ Treg cells residing in the gut. In fact, the number of CD4^+^CD25^+^FoxP3^+^CD127^−^ Treg cells in PBMCs of T1D patients was comparable to that of control subjects (*P* \> 0.05) ([Fig. 2*B*](#F2){ref-type="fig"}), in accordance with previous reports ([@B21]). Because a high percentage of T1D patients were also affected by CD (50%) ([Supplementary Table 1](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db10-1201/-/DC1)), to exclude the possibility that the celiac condition influenced the percentage of CD4^+^CD25^+^FoxP3^+^CD127^−^ Treg cells in the gut, we performed a multiple group comparison of Treg cell percentages among patients affected by T1D only, patients affected by T1D in association with CD, individuals with CD only, and HC subjects. As shown in [Fig. 2*C*](#F2){ref-type="fig"}, the celiac condition did not significantly alter the percentages of CD4^+^CD25^+^FoxP3^+^CD127^−^ Treg cells in the intestinal mucosa of both T1D and nondiabetic individuals, and the Treg cell deficiency was exclusively associated with the T1D condition (*P* \< 0.001 with ANOVA). We also verified that the intestinal CD4^+^CD25^+^FoxP3^+^CD127^−^ T cells that we enumerated were bona fide Treg cells by isolating CD4^+^CD25^+^ T cells (\>70% FoxP3^+^CD127^−^) from normal surgical samples of small intestine (the number of Treg cells in bioptic material was not sufficient to perform such an experiment) and assessing their suppressive capacity upon proliferation of Teff cells ([Fig. 2*D*](#F2){ref-type="fig"}).

###### 

Clinical data

  Cohort    *n*   Age (years)   Age         Sex (women/men)   T1D+CD    Early onset T1D   Long-lasting T1D
  --------- ----- ------------- ----------- ----------------- --------- ----------------- ------------------
  T1D       10    3--58         29 ± 5.2    7/3               5 of 10   3 of 10           7 of 10
  Healthy   16    2--68         11.6 ± 4    10/6              NA        NA                NA
  CD        20    2--19         7.9 ± 1.2   15/5              NA        NA                NA

Data are means ± SD unless otherwise indicated. All patients (*N* = 46) underwent esophago-gastro-duodenal endoscopy for a clinical suspect of CD. The diagnosis of CD was made out of the histological examination of the intestinal mucosa and of the presence of antitissue transglutaminase antibodies (\>95% of celiac individuals were tissue transglutaminase IgG and IgA positive). Hence, all the patients with CD were on a normal (not gluten-free) diet at the time of biopsy collection. HC subjects and patients affected only by T1D were all tissue transglutaminase IgG/IgA negative (100%). The mean age in the T1D group was higher than that of control individuals (healthy individuals and subjects with CD); however, we found no statistical correlation between age and the percentage of CD4^+^CD25^+^FoxP3^+^CD127^−^ Treg cells in the gut mucosa (*r*^2^ = 0.05). Early onset T1D, \<6 months from diagnosis; long-lasting T1D, ≥6 months from diagnosis. All samples analyzed were donated for research purposes and each individual signed an informed consent.

![The relative percentages of total CD4^+^ T cells, CD8^+^ T cells, NK cells, and γδ T cells in the lamina propria of the small-intestinal mucosa were comparable in patients with T1D, HC subjects, and patients with CD. Lamina propria cells were isolated from the small-intestinal mucosa; simultaneously stained with Pacific Blue--conjugated anti-human CD4, APC-conjugated anti-human NKG2D, FITC-conjugated anti-human TCRδ1, and AmCyan-conjugated anti-human CD3 monoclonal antibodies; and FACS analyzed. Means of percentages ± SEM of CD4^+^ T cells (CD3^+^CD4^+^ cells), CD8^+^ T cells (CD3^+^CD8^+^ cells), γδ T cells (CD3^+^ TCRδ1^+^ cells), and NK cells (CD3^−^ NKG2D^+^ cells) out of total lamina propria lymphocytes (*left*) and the means of percentages ± SEM of CD4^+^ T cells, CD8^+^ T cells, and γδ T cells out of CD3^+^ T cells (*right*) are indicated.](2120fig1){#F1}

![Selective reduction of FoxP3^+^ Treg cells in the gut of T1D patients. *A*: The percentages of CD4^+^CD25^+^FoxP3^+^CD127^−^ Treg cells out of total lymphocytes were measured in single cell suspensions isolated from the small-intestinal mucosa (duodenal biopsies) of patients with T1D (*n* = 10), HC subjects (*n* = 16), and individuals with CD (*n* = 20). The CD4^+^CD25^+^FoxP3^+^CD127^−^ Treg cells in gut mucosa were identified by multiparametric FACS analysis. Data are presented as means ± SEM of all experiments. \**P* = 0.03; \*\**P* = 0.003. *B*: Blood samples were collected from the same individuals simultaneously with the duodenal biopsy. PBMCs were isolated and analyzed as in *A*. Data are presented as means ± SEM of all experiments. NS, not significant; *P* \> 0.05. *C*: The percentages of CD4^+^CD25^+^FoxP3^+^CD127^−^ Treg cells were compared among patients with T1D (*n* = 5), patients with T1D and CD (T1D+CD, *n* = 5), HC subjects (*n* = 16), and patients with CD only (*n* = 20). Groups were compared using two-way ANOVA. \*\*\**P* = 0.0001 (T1D vs. nondiabetic). *D*: Gut CD4^+^CD25^+^FoxP3^+^CD127^−^ T cells were bona fide Treg cells and showed a suppressive capacity similar to that of their blood counterparts. A suppression assay was used to test 10^5^ CD4^+^CD25^+^ Treg cells or CD4^+^CD25^−^ Teff cells isolated from the mucosa of normal surgical samples of small intestine or PBMCs of HC subjects. Briefly, Treg or Teff cells were added at 1:1 ratio to responder CFSE-labeled CD4^+^CD25^−^ T cells stimulated with plate-bound anti-CD3 monoclonal antibody, soluble anti-CD28 monoclonal antibody, and rhIL-2. The percentage of suppression was measured by the percent reduction of proliferation of responder Teff cells (measured by mean of CFSE dilution). Data are expressed as means ± SEM of four independent experiments.](2120fig2){#F2}

The reduced percentage of intestinal FoxP3^+^ Treg cells in T1D patients could be due to defective gut homing of naturally occurring FoxP3^+^ Treg cells that originate in the thymus. Alternatively, the quantitative defect of FoxP3^+^ Treg cells could be attributable to impaired de novo differentiation and/or expansion of FoxP3^+^ Treg cells in the intestinal mucosa and/or gut-associated lymphoid tissue of T1D patients. Small-intestinal LPDCs expressing the integrin αEβ7 (also called CD103) have the unique capacity to drive peripheral development and/or expansion (from precursors of thymic origin) of FoxP3^+^ Treg cells ([@B18],[@B19]). Although few reports on human LPDCs exist, those studies show that human LPDCs express classical DC markers---such as CD11c, MHC class II, and CD83---as well as the typical marker of murine LPDCs, the CD103 molecule, and have some of their functional properties, such as ability to induce gut tropism on T cells ([@B22]) and FoxP3^+^ Treg cell differentiation ([@B23]). Hence, we specifically analyzed percentages and tolerogenic antigen-presenting function (i.e., capacity to induce FoxP3^+^ Treg cell differentiation/expansion) of CD103^+^CD11c^+^ LPDCs residing in the small-intestinal mucosa of T1D patients and control subjects. We did not detect any difference in the percentages of intestinal CD103^+^CD11c^+^ LPDCs ([Fig. 3*A*](#F3){ref-type="fig"}) or in the percentages of LPDCs that expressed the CD103 marker ([Fig. 3*B*](#F3){ref-type="fig"}) among the three groups of individuals. Next, we performed conversion assays to test the capacity of LPDCs of T1D patients to induce FoxP3^+^ Treg cell differentiation. Because of the limited amount of bioptic material, we could not sort CD103^+^CD11c^+^ LPDCs from total intestinal cells. Alternatively, we enriched the CD103^+^CD11c^+^ LPDCs from the small intestine of T1D patients and control subjects by culturing adherent intestinal cells with rhIL-4 and rhGM-CSF for 10 days and evaluated their ability to induce de novo differentiation of CD4^+^CD25^+^FoxP3^+^CD127^−^ Treg cells ([Supplementary Fig. 4*A*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db10-1201/-/DC1)). Those in vitro--cultured DCs showed phenotypical features of CD11c^+^CD103^+^ DCs residing in the lamina propria (ex vivo LPDCs), such as expression of DC markers CD11c and CD103 and maturation markers ([Supplementary Fig. 4*B*](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db10-1201/-/DC1)). As shown in [Fig. 3*C*](#F3){ref-type="fig"}, human CD11c^+^CD103^+^ LPDCs from the intestinal mucosa of nondiabetic control subjects were able to convert CD4^+^CD25^−^ T cells into CD4^+^CD25^+^FoxP3^+^CD127^−^ Treg cells as previously demonstrated ([@B23]). Conversely, CD103^+^CD11c^+^ LPDCs from T1D patients completely lacked that function and failed to induce Treg cell differentiation/expansion ([Fig. 3*C*](#F3){ref-type="fig"}). Interestingly, we found that the addition of TGF-β was necessary for human CD103^+^CD11c^+^ LPDCs to promote Treg cell conversion in control individuals ([Supplementary Fig. 5](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db10-1201/-/DC1)). However, the addition of TGF-β to LPDCs of T1D patients was not capable of restoring the capacity to induce de novo generation and/or expansion of CD4^+^CD25^+^FoxP3^+^CD127^−^ Treg cells ([Fig. 3*C* and *D*](#F3){ref-type="fig"}). Our data represent the first evidence that the tolerogenic properties of CD11c^+^CD103^+^ DCs from the gut mucosa are impaired in T1D patients. However, because the CD103^+^ LPDC subset was enriched in vitro with a 10-day culture period with IL-4 and GM-CSF, we cannot exclude that the reduced tolerogenic properties of T1D LPDCs were related to their defective response to those cytokines.

![CD103^+^CD11c^+^ LPDCs are present in the small intestine of T1D patients but fail to induce FoxP3^+^ Treg cell differentiation. *A*: Percentages of CD103^+^CD11c^+^ LPDCs in the gut mucosa of patients with T1D, HC subjects, and patients with CD. Cells were gated on the DC region (see [Supplementary Fig. 4](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db10-1201/-/DC1)). *B*: Percentages of cells that express the gut receptor CD103 among various gut lymphocyte subsets (CD4^+^ T cells, CD8^+^ T cells, and CD11c^+^ DCs) in the three groups. *C*: The capacity of small-intestinal CD11c^+^CD103^+^ LPDCs of T1D patients and control subjects (healthy or celiac individuals \[CTRs\]) to induce CD4^+^CD25^+^FoxP3^+^CD127^−^ Treg cell differentiation was evaluated in conversion assays. BMDCs or small-intestinal CD11c^+^CD103^+^ LPDCs were obtained from T1D patients and CTRs and added at 1:10 ratio (DC to T cells) to autologous naive CD4^+^CD25^−^ T cells isolated from PBMC and stimulated with soluble anti-human CD3 monoclonal antibody in the presence of rhIL-2 and rhTGF-β. Cells were collected after 4 days and FACS analyzed to measure percentages of CD4^+^CD25^+^FoxP3^+^CD127^−^ Treg cells. One representative experiment out of three (T1D) or four (CTR) is shown (cells gated on CD4^+^CD25^+^CD127^−^ cells). *D*: Means ± SEM of CD4^+^CD25^+^FoxP3^+^CD127^−^ Treg cell percentages obtained in conversion assays with BMDCs or LPDCs in three (T1D) or four (CTR) independent experiments are shown. \**P* = 0.028. (A high-quality color representation of this figure is available in the online issue.)](2120fig3){#F3}

DISCUSSION {#s11}
==========

The identification and characterization of a specific defect of gut immune regulation in T1D patients could provide new insights in the current understanding of the disease pathogenesis. An immunological axis between the gastrointestinal tract and pancreatic tissues exists ([@B20]), so that gut T cells continuously travel from the intestinal mucosa to pancreatic lymph nodes and tissues as documented by their expression of gut-homing receptors such as α4β7 and CCR9 on self-reactive T cells in T1D patients ([@B24]) and T cells infiltrating pancreatic islets of NOD mice ([@B25],[@B26]). The existence of an immunological gut--pancreas axis implies that the defective de novo generation of CD4^+^CD25^+^FoxP3^+^CD127^−^ Treg cells in the intestinal mucosa of T1D patients may have a direct negative influence on the Teff/Treg cell balance in pancreatic lymph nodes and islets and, thus, ultimately may promote Teff cell responses against pancreatic self-antigens.

Further studies are necessary to dissect whether defective intestinal differentiation of FoxP3^+^ Treg cells by CD103^+^CD11c^+^ LPDCs in T1D patients is genetically determined or induced by environmental factors that alter the gut milieu, such as the intestinal microbiota. Recent studies demonstrate that the enteric commensal microbiota modulate gut immunity and represent a key epigenetic factor modifying T1D predisposition ([@B9],[@B27]). It has been proposed that pathogenic microbiota promote T1D by activating self (islet)-reactive T cells in the gut ([@B27]). However, it is now clear that intestinal bacteria are crucial to controlling immune regulation and dampening T-cell immunity in the intestine, either directly or through interaction with intestinal epithelial cells ([@B28]). This raises the suggestive hypothesis that the microbiota, and possibly environmental factors such as diet and drugs that modify microbiota, impinge on T1D pathogenesis by altering tolerogenic DC function and impairing peripheral differentiation of CD4^+^CD25^+^FoxP3^+^CD127^−^ Treg cells.

Supplementary Material
======================

###### Supplementary Data

This article contains Supplementary Data online at <http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db10-1201/-/DC1>.
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